T he diagnostic and prognostic significance of hypertension among hemodialysis patients continues to be debated (1, 2) . Whereas many have suggested that blood pressure (BP) recordings are of little value in managing cardiovascular risk (3, 4) , others have argued that BP control is important (2, 5, 6) . The accurate measurement of arterial pressure is the essential first step in managing this cardiovascular risk factor, yet the diagnosis of hypertension in hemodialysis patients continues to be a vexing problem (7, 8) .
Although home BP monitoring is a superior tool to diagnose hypertension, typically BP measurements obtained just before and after dialysis are used to diagnose and treat hypertension in hemodialysis patients (8, 9) . However, predialysis and postdialysis BP measurements are generally inaccurate estimates of ambulatory BP measurements (10) . In the dialysis unit, BP measurements are obtained every 30 min during dialysis, primarily to ensure the hemodynamic stability of patients during treatment. But the BP measurements so obtained are usually ignored when making a diagnosis of hypertension. The utility of intradialytic BP measurements in diagnosing hypertension among hemodialysis patients therefore remains unknown.
The purpose of our study was to evaluate the usefulness of intradialytic BP in diagnosing hypertension among hemodialysis patients. We measured the utility of intradialytic BP by comparing the dialysis-to-dialysis reproducibility and comparing the bias, precision, and accuracy of intradialytic BP measurements to the reference standard of interdialytic ambulatory BP recordings. Finally, we constructed receiver-operating characteristic (ROC) curves to determine clinically useful cut-points and to assess the diagnostic performance of intradialytic BP recordings.
Materials and Methods

Study Cohort
Between September 2003 and February 2005, we recruited 150 patients from four dialysis units staffed by the nephrology faculty of Indiana University, Indianapolis, IN. The performance of predialysis and postdialysis BP measurements has previously been reported (9) . The Institutional Review Board of Indiana University and the Research and Development Committee of the VA Medical Center approved this study, and all patients gave their written informed consent.
Intradialytic BP
Over a 2-week period, BP measurements obtained during dialysis were recorded by dialysis technicians or nurses using the oscillometric BP monitor equipped with dialysis machines. Dialysis machines used were Fresenius H 2008, Fresenius K 2008, Cobe Centry III, and Cobe Plus (Fresenius, Waltham, MA; Cobe Laboratories, Lakewood, CO) and were maintained per the protocol of the respective dialysis units. To reflect clinical practice, no technique was specified for measurement of these BP measurements. Typically, measurements were made every 30 min. These measurements were entered into a relational database. Accuracy of data entry into the database was verified by at least two people.
Ambulatory BP Monitoring
Ambulatory BP monitoring was performed after the mid-week hemodialysis session for 44 h. Ambulatory BP measurements were recorded every 20 min during the day (6 a.m. to 10 p.m.) and every 30 min during the night (10 p.m. to 6 a.m.) using a Spacelab 90207 ABP monitor (SpaceLabs Medical, Redmond, WA) in the nonaccess arm, as done previously (11) . Recordings began immediately after hemodialysis and terminated immediately before the subsequent dialysis. Accuracy of ambulatory BP recordings was confirmed against auscultated BP at baseline. Data were analyzed using ABP Report Management System software, version 1.03.05 (SpaceLabs Medical). Those patients who had Ͻ16 recordings on ambulatory BP were excluded from analysis (n ϭ 15) (12) . At least 25 ambulatory recordings were available from each patient.
Index and Reference BP
The following methods were used to define summary measures for various BP recordings: Method 1. Predialysis: Systolic BP obtained before dialysis for six treatments were averaged. Diastolic BP measurements obtained before dialysis were averaged separately over these six treatments.
Method 2. Postdialysis: Systolic BP obtained after dialysis for six treatments were averaged. Separately, diastolic BP measurements obtained after dialysis were averaged over these six treatments.
Method 3. Intradialytic BP: Systolic BP obtained during a single treatment was averaged. Subsequently, these averages from a single hemodialysis treatment were averaged over 6 treatments to yield a single intradialytic systolic BP. Diastolic BP averages were analogously calculated.
Method 4. Intradialytic BP including predialysis and postdialysis BP: These were done as for intradialytic BP except that predialysis and postdialysis BP measurements were also included before averaging the measurements.
Method 5. Predialysis and postdialysis BP: Systolic BP obtained before and after dialysis was averaged. These averages were then averaged to yield the mean predialysis and postdialysis BP over 6 treatments.
Method 6. Ambulatory BP average: Hourly averages of ambulatory BP were averaged to yield the overall ambulatory BP as the reference BP.
Statistical Analysis
Measurement of Reproducibility. We calculated for each of the 6 dialysis treatments the following BP measurements: predialysis (method 1), postdialysis (method 2), average intradialytic (method 3), average of all dialysis unit BP measurements (intradialytic ϩ predialysis ϩ postdialysis) (method 4), and the average of predialysis and postdialysis BP measurements (method 5). We first fitted a mixed-effects model with full maximum likelihood estimates where subject was the random variable and systolic BP was a fixed effect (13) . Specifically, we fitted the following model y ij ϭ ␤ ϩ j ϩ ij , where y ij is the systolic BP for the j th individual (j ϭ 1,. . . ,N) with i th measurement occasion (i ϭ 1,. . . ,6), j is random intercept for the j th individual (i.e., the individuals deviation from the overall mean), ␤ is the estimated population mean systolic BP, and ij is the error for the j th individual at the i th measurement occasion. ij was assumed to distribute normally and independently with a mean of zero and constant variance across individuals. This model provided the SD between subjects and within subjects. Intraclass correlation coefficient was calculated as the between subject variance as a fraction of total variance (between and within subjects). Intraclass correlation coefficient can vary from 0 to 1, and a larger fraction represents greater dialysis-to-dialysis reproducibility.
Next, the statistical significance of the reproducibility was tested by examining the residual variation in BP within individuals from one dialysis to next. We constructed two mixed models. In the first model, systolic BP measured by an index method was used as a fixed effect and subject as the random effect. Specifically, the following model was fitted y ij ϭ ␤ ϩ j ϩ ij , where y ij is the systolic BP for the j th individual (j ϭ 1,. . . ,N) on the i th measurement occasion (j ϭ 1,. . . ,6), j is random intercept for the j th individual, and ij is the error for the j th individual at the i th measurement occasion. The second model contained systolic BP measured by a specified method as a fixed effect as well as two nested random effects; one random effect was for subjects and another for the measurement method nested within subjects. This three-level model can be written as y ijk ϭ ␤ ϩ jk ϩ k ϩ ijk where jk is the random intercept for method j and subject k and k is the random intercept for subject k. The likelihood ratio test was used to compare the two nested models.
Measurement of Bias.
Average BP measurements were computed by methods 1 through 5. The average ambulatory BP was subtracted from each of these five averaged BP measurements, respectively. Bias was defined as the mean difference in BP from each method compared with ambulatory. The 95% confidence interval for bias was also computed. If the 95% confidence interval included zero, the method was regarded as unbiased. A fixed effects full maximum likelihood estimates model was used to determine the significance of differences in bias between different methods.
Measurement of Precision. Precision was defined as the variance of the difference between ambulatory and index BP. A mixed-effects model was fitted to test a model testing the differences in BP measurements with fixed effects only and another with method of measurement as a random effect by the likelihood ratio test. The significance of differences among precision of BP recordings with various methods was determined by the likelihood ratio test.
Measurement of Accuracy. Accuracy was measured as the square root of the sum of the variance and squared bias. This is the definition of the (square) root of the mean square error.
Measurement of Diagnostic Test Performance.
We calculated the area under the curve of ROC curves and their 95% confidence intervals for the model that was most precise, accurate, and reproducible (14) . Ambulatory BP of Ն135 mmHg was used to classify patients with systolic hypertension. Ambulatory diastolic BP of Ն85 mmHg was used to classify patients with diastolic hypertension. The best cut-point BP was calculated based on the Youden Index (15). The Youden Index, a measure of overall diagnostic effectiveness, is the maximum vertical distance or difference between the ROC curve and the diagonal or chance line; it occurs at the cut-point that optimizes the BP's differentiating ability when equal weight is given to sensitivity and specificity. Youden Index was calculated as sensitivity ϩ specificity Ϫ 1. The higher the index, the better the classification at the cutoff point.
Regression Analysis.
We performed several regression analyses with predialysis, postdialysis, and averaged intradialytic BP measurements and their combinations used to predict the averaged interdialytic ambulatory BP measurements. The nested models were compared with F tests for the goodnessof-model fit.
Sensitivity Analysis.
We asked the question whether method 4 BP could be used during a single mid-week dialysis treatment as a diagnostic test. At the bedside, median BP measurements are easier to calculate, compared with mean BP. Therefore, we reasoned that median BP measurements may provide diagnostically comparable information compared with mean BP measurements obtained by method 4 over six dialysis treatments. Therefore, we calculated the median BP at each of the 6 dialysis treatments and compared the diagnostic performance of these BP measurements (16) .
All analyses were performed using Stata 10.0 (Stata, College Station, TX). P values are two sided and significance set at 0.05.
Results
We collected 8620 BP measurements recorded in the dialysis unit among 150 patients over 6 dialysis treatments. Of the estimated 900 dialysis treatments, 25 (2.7%) were missing either because of patient absence or withdrawal of consent.
The clinical characteristics of the patients are shown in Table  1 . The population was predominantly black. All patients were dialyzed three times weekly and were prescribed a dialysis time of about 4 h, blood flow rate of approximately 400 ml/ min, and dialysate flow rate of approximately 800 ml/min. Comparison of patients who did not have ambulatory BP recording with those who had these recordings did not reveal any significant differences. Table 2 shows the reproducibility of the BP measurements from dialysis to dialysis.
Reproducibility
Systolic BP. When all 5 measurement methods were considered together, the measurement method accounted for a significant source of variability (P Ͻ 0.0001). Between-subject SD was 18.8 mmHg, between-method SD was 4.0 mmHg, and dialysis-to-dialysis SD was 14.4 mmHg.
The reproducibility of predialysis BP or postdialysis BP was lower compared with method 4 (P Ͻ 0.0001 and P Ͻ 0.01, respectively). Predialysis BP measurements were less reproducible (P Ͻ 0.0001) compared with postdialysis BP measurements. The intraclass correlation coefficient for method 4 was the highest.
Diastolic BP.
For diastolic BP measurements, the measurement method did not account for a significant source of variability (P ϭ 0.35). Between-subject SD was 11.3 mmHg, between-method SD was 0.6 mmHg, and dialysis-to-dialysis SD was 9.0 mmHg. Although predialysis BP was less reproducible than method 4 (P Ͻ 0.01), no differences in reproducibility could be demonstrated between any of the other methods compared with method 4. Again, the intraclass correlation coefficient for method 4 was the highest. Table 3 shows the mean difference of the BP measurements compared with the reference standard of 44-h ambulatory BP monitoring (bias), 95% confidence intervals of these differences, the standard differences of differences (precision), and accuracy.
Bias, Precision, and Accuracy
Systolic BP. All 5 measurement methods overestimated 44-h ambulatory systolic BP. Measurement methods were significantly different from each other (P Ͻ 0.0001). On average, postdialysis overestimated systolic BP by 4 mmHg and predialysis BP by 16.9 mmHg. Methods 2, 3, or 4 were similar in bias, but more accurate than method 1 or 5.
When measurement methods were considered together, the measurement method accounted for a significant source of variability (P Ͻ 0.0001). Between-subject SD was 14.6 mmHg and between-method SD was 4.1 mmHg. The smallest SD was seen for method 4, making it the most precise.
Consideration of intradialytic systolic BP measurements (model 3 and 4) improved accuracy of estimation of ambulatory systolic BP. Method 4 was also the most accurate.
Diastolic BP. Only 2 measurement methods (method 1 and 5) overestimated 44-h diastolic ambulatory BP. Measurement methods were significantly different from each other (P Ͻ 0.0001). Method 1 was the most biased and significantly more biased compared with all other methods. Method 5 was the next most biased and significantly more biased compared with methods 1 (P Ͻ 0.01) and 2 (P Ͻ 0.01), but not method 3 (P ϭ 0.06) or method 4 (P ϭ 0.12). Methods 2, 3, and 4 were similar in bias.
The measurement method accounted for a significant source of variability (P ϭ 0.03). Between-subject SD was 9.3 mmHg and between-method SD was 1.0 mmHg. Again, the smallest SD was seen for method 4, one where all BP measurements were used in the calculation. Thus, method 4 was the most precise and also the most accurate. Figure 1 shows the ROC curves for method 4, with 44-h ambulatory BP as the reference standard. The area under ROC curve for systolic BP was 0.90 (95% CI, 0.85 to 0.95). The area under ROC curve for diastolic BP was 0.84 (95% CI, 0.77 to 0.92). Table 4 shows the sensitivities, specificities, positive like-lihood ratio, and negative likelihood ratio for a range of systolic and diastolic BP cut-points.
Diagnostic Performance of Median BP
Systolic BP.
The optimal Youden Index of 0.69 was obtained for a cut-point systolic BP of 132.5 mmHg. At this cut-point, the sensitivity for diagnosing hypertension was 96.2%, specificity was 73.5%, positive likelihood ratio was 3.63, negative likelihood ratio 0.05, and 82.2% of patients were correctly classified. At a cut-point BP of 135 mmHg, the Youden Index was 0.66 and 81.5% of the patients were correctly classified. At a cut-point BP of 140 mmHg, the Youden Index was 0.65 and 82.2% of the patients were correctly classified.
Diastolic BP. The optimal Youden Index of 0.61 was obtained for a cut-point diastolic BP of 76.8 mmHg. At this cutpoint, the sensitivity for diagnosing hypertension was 89.3%, 0.07). In general, the dialysis treatments in the second week had higher area under ROC curves compared with the first week.
Systolic BP. Table 5 shows that area under ROC curves were similar for median systolic BP whether the dialysis was first, second, or third in the week. However, the optimal cut-off BP at the Youden Index progressively decreased from 147 mmHg for the first dialysis, 140 mmHg for the second dialysis, and 137 mmHg the third dialysis of the week. Nonetheless, the sensitivities and specificities for the various cut-off BP measurements remained similar regardless of the day of the week.
Diastolic BP. Table 6 shows that area under ROC curves were similar for median diastolic BP measurements regardless of the dialysis day. The optimal cut-off BP at the Youden Index was identical at 78 mmHg regardless of the dialysis day. Also, the sensitivities and specificities for the various cut-off BP measurements remained similar regardless of the day of the week.
Regression Analysis
Results of the multiple regression analyses to predict interdialytic ambulatory BP are shown in Table 7 . The lowest prediction error, and consequently the highest coefficient of determination, was seen when predialytic, postdialytic, and intradialytic BP measurements were present in the model. The combined dialysis unit BP measurements (model 7) had the best model fit.
Discussion
The major finding of our study is that the averaged BP over several treatments improves the reproducibility, precision, bias, and accuracy of BP measurements in hemodialysis patients. However, averaging many BP readings in a single treatment is resource intensive. Median BP is easier to calculate compared with mean BP. Therefore, we asked the question whether the median BP from one dialysis treatment assists in making a diagnosis of hypertension. The results show that the diagnostic performance of median BP measurements was similar to that of mean BP measurements. Using a median cut-off systolic BP of 140 mmHg provides approximately 80% sensitivity and 80% specificity in diagnosing interdialytic systolic hypertension; a median cut-off diastolic BP of 80 mmHg provides approximately 75% sensitivity 75% specificity in diagnosing interdialytic diastolic hypertension.
Although numerous studies compare the relationship of predialysis and postdialysis BP measurements with ambulatory BP, there are no studies reported to our knowledge to assess the relationship between intradialytic BP and interdialytic recordings (10). Mitra et al. measured BP in hemodialysis patients at arrival to the dialysis unit, after 10 min of rest in a quiet room, and at other time points in relationship to dialysis (17) . The authors reported that the BP on arrival to the hemodialysis unit (19) . BP increases over the interdialytic period most likely because of accumulation of volume and uremic toxins (20 -23) . Recent studies using ambulatory BP monitoring estimate that systolic BP increases by 1 mmHg every 4 h and diastolic BP increases by 1 mmHg every 8 h (24) . The BP decrease during dialysis countervails the interdialytic increase in BP. Thus, a reciprocal relationship exists between interdialytic increase in BP and intradialytic fall in BP. Because averaging many interdialytic BP measurements over a range of volume states provides an accurate estimate of arterial pressure, we speculate that averaging many intradialytic recordings over a range of volume states during dialysis provided a better relationship with interdialyic ambulatory BP recordings. However, it is unlikely that obtaining greater number of measurements is the sole reason for the superior performance of intradialytic BP measurements to predict interdialytic hypertension. We found that the median BP of a single dialysis treatment had better diagnostic ability than the average of six predialysis or six postdialysis BP measurements alone. We have also reported previously that the greater number of recordings is not the reason why ambulatory BP recordings are superior correlates of left ventricular hypertrophy or mortality outcomes (25) . Thus, intradialytic recordings may be ecologically more valid measures of the true barometric load experienced by the arterial tree of the hemodialysis patient.
A limitation of our study is that the majority of the participants were black. Although race should not influence the measurement of BP, whether these data are applicable to nonblacks requires further studies. We did not measure the reproducibility of ambulatory BP. But this was not a purpose of this study. A strength of our study is the large number of intradialytic BP measurements that were prospectively collected and validated for accurate data entry before analysis. The simultaneous measurement of interdialytic ambulatory BP allowed the assessment of bias and precision.
An unintended consequence of this report would be to abandon home BP monitoring for the assessment of hypertension in hemodialysis patients. However, it would be premature to discontinue home BP monitoring; home BP is associated with left ventricular hypertrophy (26) and mortality in hemodialysis patients (19) , relationships that are yet to established for intradialytic BP recordings. Nonetheless, BP measurements obtained during dialysis appear to contain a larger amount of diagnostic information than what is apparent in predialysis and postdialysis BP measurements alone. Our study shows that the consideration of intradialytic BP recordings together with predialysis and postdialysis BP measurements improves the reproducibility, bias, and precision of BP measurement. Median cut-off systolic BP of 140 mmHg from a single dialysis, obtained every 30 min, provides approximately 80% sensitivity and 80% specificity in diagnosing systolic hypertension; a median cut-off diastolic BP of 80 mmHg provides approximately 75% sensitivity and 75% specificity in diagnosing diastolic hypertension. These thresholds may improve the reproducibility, bias, and precision of hypertension management in hemodialysis patients.
